Sugars are the most functionally and structurally diverse molecules in the biological world. Glycan structures range from tiny single monosaccharide units to giant chains thousands of units long. Some glycans are branched, their monosaccharides linked together in many different combinations and orientations. Some exist as solitary molecules; others are conjugated to proteins and lipids and alter their collective functional properties. In addition to structural and storage roles, glycan molecules participate in and actively regulate physiological and developmental processes. Glycans also mediate cellular interactions within and between individuals. Their roles in ecology and evolution are pivotal, but not well studied because glycan biochemistry requires different methods than standard molecular biology practice. The properties of glycans are in some ways convenient, and in others challenging. Glycans vary on organismal timescales, and in direct response to physiological and ecological conditions. Their mature structures are physical records of both genetic and environmental influences during maturation. We describe the scope of natural glycan variation and discuss how studying glycans will allow researchers to further integrate the fields of ecology and evolution.
1. The complex and labile forms of glycans
No template required
DNA is an inert strand whose information encodes ribbons of RNA and protein that put instructions into action. For biologists, this oneto-one correspondence is convenient. It ties contemporary molecules to their history, allowing us to pinpoint the origins of molecular functions and trace their modifications through time. DNA is a template, transcribed and translated by a common set of mechanisms into just two different kinds of molecule. Because of this commonality, molecular biologists tend to use a standard set of tools to determine how information in DNA encodes the biological functions of RNA and proteins. Now that these tools exist, there is a tendency to regard template-based molecules as the most important sources of heritable variation, and other molecules as merely structural. But heritable information in the genome is also manifest at other levels; these are less bound to the barely mutable instructions in DNA, and as a consequence more sensitive to current conditions and more capable of dynamic response. A well-understood example is RNA and protein expression, which can change in response to environment and physiological condition. Less well studied are glycans -whose structures and biochemical properties have evolved to enact traits with dynamic ecology and evolution [1] .
Synthesis
Glycans are sugar molecules -modular arrangements of monosaccharide units that are often attached to proteins and lipids. Glycans range in size from mono-and oligosaccharides a few nanometers long, to polysaccharide chains thousands of subunits and several micrometers in length. The monosaccharide constituents of glycans are linked together by glycosidic bonds. These can originate from several of the hydroxylated carbon atoms that form each monosaccharide ring, so glycan structures can be extensively branched. Glycans decorate the majority of extracellular proteins and many lipids (the combined molecules are called glycoconjugates) [2] . These exist primarily on the outer surface of the cell membrane, and are also secreted into extracellular spaces (Box 1). Unlike protein and RNA, glycans are not built from a template. Their synthesis is an assembly process of sequential addition, removal, and modification of sugar subunits. The form and diversity of glycan structures are guided by proteins, but also depend intrinsically on diet and physiological condition. Because the structures of mature glycans are not encoded in the genome, their evolutionary history can only be uncovered indirectly. For example, the evolution of glycan modifying proteins can reveal historical glycan changes. The gain and loss of sugar transporters, transferases, and glycosidases have a direct bearing on the suite of glycans an organism can synthesize and degrade, or use in the diet.
Privacy
Glycans are the most variable class of biological molecules, both in structural diversity and taxonomic breadth of particular molecules (Box 1) [3] . Glycans often exist at the interface of conflicts between parties with different evolutionary interests: parents and offspring, hosts and pathogens, cooperators and cheats [1] . Glycans that signal or conceal self-identity, or mediate evolutionary conflicts can change rapidly and evolve toward esoteric structures and biochemistries. Glycans also form protective structures and accumulate as stores of energy. Some storage glycans, such as glycogen and starch, can be exploited by competing organisms and must be kept sequestered inside cells. Others, like mammalian lactose, are secreted. Lactose is composed of just two simple monosaccharides, but the linkage connecting them is difficult to synthesize and equally difficult to degrade so the combined molecule can be transferred to offspring with little risk of exploitation. Structural glycans including cellulose, hemicellulose, and chitin are the most abundant biopolymers on earth. These linked monosaccharides can accumulate to such extraordinary abundances only because they are difficult to break down for energy. The space of possible glycan structures and linkages is so large that some glycans are private, in the sense that few organisms can synthesize, degrade, or bind them. Thus, the diversity of glycans allows them to be used in contexts where less diverse molecules would be vulnerable to exploitation.
Dynamics
Glycans have a remarkable degree of spatial and temporal organization, patterns that can enact changes in development and physiology. The dynamic properties of glycans influence aspects of trait development, cellular behavior, and molecular function. For example, N-linked glycans attract chaperone proteins, guiding nacent glycoproteins into their mature fold as they are translated in the endoplasmic reticulum. Later, in the golgi, N-glycan molecules are themselves remodeled into forms that alter the function of the folded glycoprotein. During synthesis, glycans can be modified by elongation, shedding, cleaving of terminal monosaccharides, and by modifications such as: N-or O-acetylation [4] , deacetylation, epimerization, or N-and O sulfation [5] . Glycan patterns change with cell type and cell stage, and influence cell migration, tissue modulation, repair and regeneration [6] . Glycans also change with cell age. The Ashwell receptor monitors deglycosylation as a sign that a cell or plasma glycoprotein needs recycling [7] . Glycans exist in organisms as clouds of variants whose properties integrate evolutionary and ecological information. The proteins that interact with glycans are robust to this ever-present variation, but can also evolve binding patterns that are sensitive to glycan changes that indicate development, diet, health, or environment.
Glycomics
Glycan distribution and pattern on cells and tissues was first probed with lectins -glycan binding proteins with well-defined specificities. An important challenge is to scale these studies up, to bridge the gap between lists of glycans identified by mass spectrometry, and their true biological abundance, topology, distribution and variability. New glycomic methods will allow us to look directly at the diversity and variability of glycans: their structures, locations, and their biochemistry (Box 2). Glycomics is revealing a world of new biochemical forms and functions: molecular mechanisms that underpin ecological and evolutionary processes at every spatial and temporal scale. The study of natural glycan variation is one of the most interesting new prospects in biology today.
Cellular ecology
Classically, ecologists have studied the interactions of organisms with each other and with their environment. But ecological interactions are not limited to just one spatial scale. Cells also have ecology, with interactions as nuanced and interesting as those at larger scales (Fig. 1) . But there is one very important difference between community and cellular ecology -the mechanistic complexity of the traits involved. Many of the interesting phenomena in community ecology result from patterns of organismal response, which can be developmental, physiological, or in animals neural. The responses are organismal, so the mechanisms are often too complex to be traced down to a particular molecular cause. The behavioral responses of cellular ecology are equally sophisticated in their scope, but vastly simpler mechanistically. Recognizable ecological interactions can be caused by very simple, tractable, chemical interactions [8] .
The distinction is not important for a pure ecologist, but for an evolutionary ecologist mechanistically simple systems are key because their history can be more easily traced. Glycans are ecological traits. As a consequence their structures are condition dependent and their historical variation is not as easy to trace as a template based molecule.
Box 1 Types of glycans and glycoconjugates.
Glycans are sugars, composed of monosaccharide building blocks. These basic units can be linked into chains and branched structures. Mammals use only a dozen basic monosaccharide units, but these are combined into many different types of glycan structures. Glycans can be connected with several different linkages to proteins (N-and O-glycans, glycosaminoglycans, proteoglycans) and to lipids (glycolipids, GPI-anchored proteins). Glycans can also be secreted as free oligo-or polysaccharides (hyaluronic acid, milk oligosaccharides). In eukaryotic cells, N-glycans are attached to glycoproteins in the endoplasmic reticulum, and extensively remodeled in the golgi before moving outside the cell. In prokaryotes, N-and O-glycans are built in a stepwise fashion in the cytoplasm but not extensively pruned or remodeled. Bacteria and archaea use hundreds of different monosaccharides, but these are only rarely linked into the more complex structures typical of eukaryote glycans [76] . Glycans and glycoconjugates are classified in several different ways. Nlinked and O-linked glycans are categorized by their chemical attachment to a protein. Glycosaminoglycans can be recognized by their monosaccharide composition. Other glycoconjugates, like GPI-anchored proteins and glycolipids, are recognizable by the linkages and combinations of their constituent molecules. Some monosaccharides, glycans, and glycoconjugates are expressed only in particular phylogenetic lineages (mammalian glycosaminoglycans) others exist across most of cellular life (N-glycans). There are many rare glycans, monosaccharides, linkages, and modifications known to exist, and it is likely that many more remain to be discovered. We describe some of the most abundant classes of glycans.
N-linked glycans N-glycans, are oligosaccharides, each covalently linked to a protein by the nitrogen atom of an asparagine. Potential N-linked glycosylation sites are called sequons, and have an N-X-S/T consensus amino-acid sequence. N-linked glycans are found across all three domains of life, but they are synthesized differently in eukaryotes than in eubacteria or archaea [77] . In eukaryotes, N-linked glycosylation regulates protein folding. Changes in N-glycan composition track the protein folding process in the endoplasmic reticulum. After folding, glycoproteins mature in the Golgi apparatus, where attached N-glycans are restructured into their mature forms [78] . In the golgi, N-glycans are first trimmed back to an oligomannose base, and then built into complex multiply branched forms [79] . The golgi is a multi-compartment vesicular system, and the presence or absence of glycan modifying enzymes and nucleotide sugar donors in a given golgi compartment regulates N-glycan composition. N-glycan structures vary widely in different organisms. Mammalian N-glycans are most-often terminated by sialic acids. Plant N-glycans are never terminated in sialic acids and contain modifications not seen in mammalian N-glycans. Fungi make N-glycans rich in mannose residues. Invertebrates produce hybrid N-glycans with fewer branches than vertebrates and with some of the same modifications as plants [78] . Invertebrates such as gastropods also utilize some different monosaccharides [80] . In general multicellular organisms produce a greater abundance and variety of N-glycans than bacteria and archaea. The diversity of multicellular N-glycans may help define cellular identity and modulate cell-cell signaling during development [61] .
O-linked glycans O-Glycans are oligosaccharide chains conjugated to a protein by the oxygen atom of a serine or threonine [81] . O-glycans contain fewer branches and fewer mannose residues than N-glycans. Bacteria and archaea have diverse suites of O-glycans. A large family of enzymes synthesizes eukaryote O-glycans during protein translation. O-glycans are abundant in animal secretions such as mucus on epithelia. Mucin glycoproteins can be 80% O-glycans by mass and form protective hydrated gels. Most O-glycans are attached to a protein by a GalNac monosaccharide. Recently, O-linked GlcNac was discovered and found to interact directly with cellular metabolism and phosphorylation. O-GlcNac glycans may act as direct sensors of physiological state. Glycosaminoglycans are also attached to proteins by the oxygen atom of a serine, but they are not typically categorized as O-linked glycans.
But glycans are a middle ground -their evolutionary history can be inferred from the evolution of their synthetic enzymes. Thus, the application of phylogenetic tools to glycans with recognizable cellular ecology is a bridge that links the fields of ecology and evolution. Figs. 2, 3, and 4 present case studies from primates. These examples were developed as extensions of human medical studies, but there will be countless other examples. Cellular ecology pervades biology. Glycomic methods will allow researchers to enumerate the parts of each system, and from there cellular ecologists can begin to unravel the interactions.
Parts

Prokaryotes
All living cells are coated by a glycocalyx, a complex layer of protein and lipid glycoconjugates with protective and signaling functions (Box 1). Prokaryote glycans act as defensive barriers, provide support, store resources, and can also act as signaling molecules [9] [10]. Eubacteria and Archeae use over 700 different monosaccharides to produce their bacterial capsid polysaccharides and archaeal cell envelopes. Unicellular organisms use the glycocalyx to shield themselves from environmental influence, and these extracellular glycoconjugates also mediate cellular interactions such as niche construction and the formation of biofilms.
Eukaryotes
In Metazoans the glycocalyx must additionally hold information about cell lineage identity, and mediate and cell-cell communication during development and cell migration. Animal glycans are built from only about a dozen different monosaccharides, in many different linkages. The extracellular matrix (ECM) of multicellular animals is rich in glycosaminoglycans, long secreted polymers such as hyaluronan, or proteoglycans such as heparan sulfate, chondroitin sulfate, and dermatan sulfate [11] . In plants, cell wall polysaccharides are key structural molecules [12] . Plants make complex glycans consisting of many more individual monosaccharide types than found in animals.
Interactions
Within individuals
Glycans act at all life history stages, their composition and patterns on cell surfaces changing during the course of development. Spermegg interactions of invertebrates and vertebrates require glycan mediated binding [13] [14] [15] . Developing tissues can be identified by Stage Specific Embryonic Antigens (SSEAs), some of which are glycans [16] . Different surfaces of the same cell can even bear different glycans. For example, heparan sulfate proteoglycans give polarity to fly germ line cells [17, 18] . Glycans pattern the extracellular matrix. Their structural and informational roles allow signaling gradients to form: a critical requirement of proper development [19, 20] .
Physiological and dietary changes also influence glycan synthesis [21] . The abundant O-GlcNAc modification (of transcription factors, kinases, histones and other proteins) directly connects nutrient levels with glycosylation, gene regulation, and epigenetic marks on histone tails [22] . Glycan receptors, such as siglecs and other lectins, are expressed on immune cells. These bind self-glycan patterns and regulate the innate immune response [23] . Other glycan receptors induce inflammatory responses when they bind fragments of large structural glycans like cellulose or hyaluronan: these fragments presumably indicate a lysed cell, a pathogen intrusion, or some other danger [24, 25] .
Glycans are often used in more than one context within an organism. The asialoglycoprotein (Ashwell) receptor binds aging platelets, RBCs and glycoproteins so they can be removed from circulation [26] [7] . This same receptor mitigates bacterial infection [27] . Polysialic acids mediate neuronal development, and are also expressed by all three germ layer precursors [28, 29] . Galectins form intercellular lattices by cross-linking N-glycans terminating in galactose [30] , and also aid in cytoplasmic pathogen defense [31] . Selectins on leukocytes, platelets and endothelia mediate both leukocyte trafficking [32] and blastocyst implantation [33] . Within individuals, glycans take on a diversity of roles, and the synthesis and regulation of individual glycan molecules is tailored to suit each particular circumstance.
Glycosaminoglycans Glycosaminoglycans (GAGs) are among the largest molecules synthesized by animals. Their synthesis begins with an O-linked xylose, which is then elongated by two galactose molecules. Many thousands of N-Acetylglucosamine and glucuronic acid disaccharides are added to this initial trisaccharide to form gigantic chains. Importantly, GAGs, undergo further modification: glucuronic acid can be epimerized into iduronic acid, and N-Acetylglucosamines can be de-N-acteylated and N-sulfated, N-acetylated or O-sulfated. These post-translational modifications generate complex chemical patterns along the length of each GAG chain. We do not yet know how to read the syntax, but it is clear that these patterns have important signaling functions. They act as binding sites for growth factors (FGFs), anti-coagulation factors (anti-thrombin), and pathogens (HIV and HSV1I) [11] . GAGs are involved in a diversity of physiological and developmental processes. They interface with metabolic state via lipid particles on liver cell proteoglycans [82] . They also guide morphological development [83] , and even potentially behavior via their effects on neuronal migration [84] .
Glycolipid glycoconjugates
Glycolipids are oligosaccharides conjugated to lipid molecules. Gangliosides, are sialic acid containing glycosphingolpids, which are often form patterns associated with lipid rafts on the outer cell membrane. Certain cell types can have outer membrane leaflets that consist almost entirely of glycolipid instead of phospholipid [85] . The spatial orientation of glycans is important, because their binding is often multivalent, involving multiple chemical contacts in close proximity. The clustering of glycans on the cell surface by glycolipids may thus have important functional effects.
GPI-anchored glycoconjugates GPI-anchored glycoproteins are complex molecules that combine a lipid, a glycan, and a protein. The lipid is a phosphoinositol tail, which is linked to a short oligosaccharide glycan, itself linked to a polypeptide by a phosphoethanolamine bond. The polypeptide components of most GPI-anchored proteins are further glycosylated and can contain N-and O-glycans and even glycosaminoglycans as in glypicans. Interestingly, GPI anchored proteins can transfer information from one cell to another. They can be shed from one cell surface and incorporated into the membranes of other cells [86] .
Rare glycans and glycoconjugates
There are many other glycan classes that are less abundant than the classes described above. Some have only a few known examples; others are expressed only in particular phylogenetic lineages. A huge unexplored diversity of glycans is likely to exist in bacteria and archea. Because they lack an ER-Golgi compartment, these taxa have evolved different ways of assembling glycans than eukaryotes. The capsids and glycoconjugates of bacteria and archaea are already known to contain a bewildering diversity of complex glycans and the study of these is in its infancy [76, 87] . Recent years have seen the discovery of many additional glycan classes including: O-xylose, O-fucose, C-Mannose, and S-linked glycans on cysteine residues [88] New classes of glycans, and new glycan functions are continually being discovered [89] .
Box 2 Methods of glycan discovery.
Glycan distribution
Dyes. Cationic dyes stain the glycocalyx and extracellular matrix on epithelial cells because these structures have a negative charge overall. Several cationic dyes have been traditionally used to stain anionic glycans -such as Alcian Blue for mucins in epithelial secretions or hyaluronic acid in cartilage, and Ruthenium Red to stain the glycocalyx [90] . Cationic dyes do stain glycans, but they are generally not specific to particular molecules, so they don't provide the resolution required for detailed analysis. Agglutination. Blood cells often clump together when exposed to lectins. Plant lectins differentially agglutinate the red blood cells from different individuals and from different mammalian species. This is caused by the specificity of a multivalent lectin for polymorphic glycans on the red blood cell surface. The understanding that glycans caused blood cell agglutination allowed the development of lectin histology -the characterization of specific glycan patterns on the cell surface. Staining. There is now a large collection of natural lectins from plants, fungi and invertebrates with a variety of binding specificities for different glycans [91] . Animal cells or tissue sections can be stained with lectins to reveal the abundance and distributions of glycans. Lectins with a particular specificity can be attached to fluorescent markers to reveal cellular structures and patterns of glycan distribution on cells. The use of glycan modifying enzymes to directly remodel cell surface glycans allows the target of a particular lectin stain to be verified. Lectin staining even permits simple analyses of the composition of glycans on the cell surface.
Glycan composition
Antibodies. The presence or absence of intact glycans on glycoconjugates can be assessed with antibodies. For glycoproteins, antibodies can be used to specifically stain Western blots to identify proteins bearing particular glycans. Fluorescence activated cell sorting (FACS) can be combined with antibody or lectin staining to build sophisticated analyses of the presence and composition of glycans on cell surfaces. Anti-glycan antibodies were added to the tool kit of molecular probes for glycans and so were recombinant glycan binding proteins expressed in microbial, plant or animal cells [92] .
Cleavage. A variety of chemical, biochemical and biophysical tools have been developed to characterize the structures of glycans: their monosaccharide composition, glycosidic linkage types and branching patterns [93] . Compounds such as 4-methyl umbelliferyl (4-MU), which fluoresce once a monosaccharide has been cleaved, can monitor the presence or specificity of degradation enzymes. Chemical and enzymatic methods sequentially degrade glycans or release them from their glycoconjugates. The structures of free glycans can then be inferred by chromatography and mass spectrometry. Profiling. Glycans released from the underlying protein or lipid and are then chemically derivatized prior to separation by chromatography. Glycans are identified on an HPLC column by comparing their characteristic retention with standards. Chromatography can be coupled with mass spectrometry such as MALDI TOF (matrix assisted laser desorption/ionization time of flight) mass spectrometry to identify the individual glycan species. Even intact glycan structures, can be identified by the characteristic masses of their fragments [94] .
Glycan function
Binding. Glycan arrays can assess binding specificity by presenting many glycans each with a slightly different structure. Lectin arrays can be coupled with surface plasmon resonance to directly measure the force of interaction between glycan binding proteins and glycans. In rare cases, lectins can be co-crystallized with their glycan ligand to characterize the glycan-protein interaction at the atomic level [95] . Glycan arrays require careful interpretation since binding on an array may not perfectly reflect natural binding. Recently synthetic glycans arranged in multivalent assemblages on scaffold molecules have allowed researchers to probe for glycan binding proteins in more naturalistic circumstances [96] . Genetics. Genomic comparisons of genes encoding glycan synthesis, modification, or degradation enzymes can indicate historical glycan presence and absence. Phylogenetic comparisons of particular glycan binding proteins can test whether their evolution is driven by selection. Genetic tools have uncovered the ER and Golgi enzymes that act during glycan synthesis and remodeling [97] . Genetic manipulation in model organisms can give clues to natural glycan functions in vivo. Findings from medicine inform us about the role of glycans in disease [21] . For example, congenital diseases of glycosylation can have extraordinarily simple genetic causes, and equally simple solutions. Many are caused by the loss of a single glycan-modifying enzyme, and some can be completely reversed by supplementing the missing glycan in the diet [98] . Mutagenesis. Artificial mutations of glycan binding proteins can be used in conjunction with glycan arrays to determine which amino-acid residues promote glycan specificity, or to design new specificities. Cloning animal glycan binding proteins and their recombinant expression provides additional molecular probes for glycans. It also allows functional studies of lectinglycan interactions in animals [99] . Engineering. Bio-orthogonal compounds are molecules that cannot be synthesized or broken down by organisms. Biorthogonal glycans combined with click chemistry artificial molecules can be used to image changes in the distribution and metabolism of natural glycans in real time [100] . Synthesis of glycans using non-natural monosaccharides also allows metabolic labeling and functional manipulation in vivo.
Challenges
Glycans are chemically diverse, so that even superficially similar classes of molecules like O-and N-glycans cannot be fully analyzed by any single set of methods. For some glycans, like GAGs, even their basic physical structures cannot yet be fully resolved.
Between individuals
Glycans are also a nexus for interactions between individuals: in symbiosis and in pathogenesis. Animals recruit microbes to expand the range of glycans available to them in the diet. Gut microbe genomes are typically enriched with polysaccharide utilizing loci that allow symbionts to digest glycans otherwise unavailable to the host [34] . Animals do not have cellulose-digesting enzymes, but many (termites, ruminants, koalas, leaf eating monkeys) have evolved symbioses with microbes that can digest cellulose for energy [35] . In mammals [36] , the establishment of a specific gut microbiota (and with it proper immune maturation) is aided by oligosaccharides secreted in mother's milk [37] . Some symbiotic microbes evade host immunity by molecular mimicry: camouflaging their surfaces by synthesizing glycans that resemble the host [38] . Other symbionts incorporate glycans synthesized by the host to decorate their surfaces and increase host tolerance [39] . Oligosaccharides such as polysaccharide A, secreted by the mammalian gut symbiont Bacteroides fragilis, can directly induce tolerance by interacting with T regulatory cells in the gut [40] .
The potential for glycans to induce immune tolerance can also be exploited, and this conflict results in in evolutionary arms races between hosts and their pathogens. Some pathogenic bacteria attach to host cells using adhesins with high specificity for host glycans (E.coli, P. falciparum). Other pathogens secrete toxins that target host glycans (S. Typhi and Clostridium tetani), or modify host glycans into appropriate ligands for binding (V. cholerae sialidase) [41] . Viruses also use host glycans for attachment (Paramyxoviruses for example) [3, 42] . In response, hosts have evolved lectins: including high mannose receptor, DC-SIGN, dectin and intelectin-1, which are expressed on a variety of immune cells. These innate immune receptors allow plants and animals to rapidly detect foreign antigens [24] , and some innate lectins like RegIII even have direct bactericidal properties [43] .
Hosts also use glycans to defend themselves against pathogens. Defensive mucins are secreted on most animal epithelia. These heavily O-glycosylated glycoproteins resist proteolytic degradation and form hydrated gels, forming a physical barrier against incoming microbes [44] . Mucins can also act as decoys, mimicking the structures of cell surface receptors. Many viruses express sialidases (neuramindases) so that they can bypass sialic acid rich mucin decoys. Bacteria are also infected by viruses, and bacteriophages are known to target glycans on the surface of their bacterial hosts [45] . Most viruses do not synthesize their own glycans, but viral proteins can be glycosylated by the host cell, allowing them to evade host immunity (HIV1 GP120) [46] and/or inhibition (Filovirus mucin-like glycoprotein) [47] . Parasites with complex host cycles are glyco-engineers, negotiating and manipulating the different glycan environments in each of their vertebrate, insect and mollusk hosts [48] . Glycans mediate aspects of ecology that cause them to evolve rapidly. The tools developed by ecologists and evolutionary biologists to study diverse and rapidly evolving traits will help us better understand the extraordinary diversity of glycans.
Ecology and evolution: tools to understand glycans
Ecology and evolutionary biology study the distribution of biological variation in space and in time. Each field has developed statistical methods for quantifying variation, and each uses null models to predict the patterns of variation expected under specific processes [49] [50] [51] . We are only now gaining the technology to observe most natural glycan variants. Applying existing methods from ecology and evolution will expand our understanding of the determinants and consequences of glycan variation. The first step is developing biochemical tools and statistical metrics to quantify glycan variation in nature: as it responds to ecology, and as it evolves. Soon, system-level models will predict the patterns of glycan variation expected by specific genetic or regulatory changes. Similarly, appropriate null ecological or evolutionary models could be used as means of inferring the processes that shape glycan variation in space and time. The features of these models will be specific to glycans, but it is certain that they will resemble, and likely extend, statistical methods of analysis that already exist in ecology and evolution.
Quantifying glycan variation
One of the main uses of statistics in ecology and evolution is to separate phenotypic variation into components, so that differences Decoding the patterns of chemical modification that occur in glycans will be difficult, and determining the function of these patterns more difficult still. The study of glycan function relies heavily on decomposition analysis and genetic manipulation of their synthesis: both tools could benefit from refinement. For example, many different glycans can have identical signatures by mass spectrometry, and it is often difficult to know which branch of a complex N-glycan contained which monosaccharide. Not all of the approaches used to characterize glycans are yet amenable to high throughput methods. Additionally, the involvement of glycans in many biological processes can be missed because their mode of chemical interaction is different from proteins or antibodies. Glycan interactions, with each other and with the proteins that bind them, are typically multivalent -it requires several molecular contacts in close physical proximity to form a stable attachment [101] . This complicates the assessment of their function, because the molecular orientations that allow binding in natural conditions cannot always be replicated in an artificial assay. There is a critical need for binding assays that take into account multivalency, and the spatial orientations of glycans and their binding partners.
Finally, the functional analysis of glycans is potentially more complicated than that of proteins or RNA, there are many potential modifications, and it is not always possible to make them independently at each site in the molecule. It is also difficult to know which changes are realistic, in the sense that they can be achieved by mutations of a glycan synthesis protein. Genetic studies, and analysis of glycan variants produced by mutation in model organisms will yield important insights into glycan function and variation in vivo [102] . Ecological glycan functions may be restricted to certain interactions, phases of development, or to specific parts of an organism. Studying these traits will require new chemical methods of uncovering glycan variation, new statistical methods of describing it, and new theory to describe the patterns of glycan variation expected in natural circumstances.
Standards
The structural diversity of glycans and glycoconjugates has been an impediment to their systematic analysis. This is an underdeveloped area of glycobiology that deserves research effort. The first step is simply cataloging the variation of glycans, glycoconjugates and glycanmodifying enzymes as it exists in nature. There is a rapidly growing repository of glycan active enzymes: CAZy (http://www.cazy.org/). There are also databases that attempt to record the diversity of glycan structures themselves: (http://www.glycome-db.org/), (http:// expasy.org/resources/search/keywords:glycomics), (http://www.functionalglycomics.org/glycomics/molecule/jsp/carbohydrate/carbMoleculeHome.jsp). Resources for glycobiology methods are available from several organizations (http:// glycosciences.de./), (http://www.functionalglycomics.org/static/ consortium/resources.shtml). The open glycoworkbench is a resource for interpreting and annotating mass spectrometry data (http://www.glycoworkbench.org/). Glycopedia is a general reference for glycoscience related information (http:// www.glycopedia.eu/).Glycobiologists should aim to develop standards of analysis that allow comparison between studies, to the extent that this will be possible for such diverse molecules. Journals and funding agencies should mandate the deposition of glycan data into public databases, where it can be accessed and subject to synthetic analysis.
caused by genetics and environment can be isolated and studied independent of measurement error [49, 52] . Ecologists have developed many different metrics to quantify patterns of variation in space, and these are flexible enough that most can be applied directly to glycan variation. Statistics from ecology can be used to quantify glycan distribution and abundance, to compare diversity and patterns of association, or to study community structure and dynamics [51] . Experimental methods developed by ecologists also translate directly to glycobiology, and are thus already widely used [53, 54] . Evolutionary methods are less straightforward to apply. Many rely on estimates of history, which are difficult to infer because traces of historical change are only partially evident in the structure of non-template based molecules. Quantitative genetic methods that draw inference solely from phenotypic variation are directly applicable, although the discrete nature of some glycan variation may violate the assumption that phenotypic variation arises by mutations of tiny effect [55] . However, with methods to quantify natural glycan variation, it should be possible to dissect genetic and environmental effects, estimate heritability, response to selection, rate of evolution, and other metrics applicable to quantitative trait evolution [52, 56] .
Predicting glycan variation
Many ecological and evolutionary processes occur on timescales that are too long to observe directly. We must infer the action of a given process by observing its outcomes in nature and comparing them to an expectation. Ecology and evolution use models to precisely specify assumptions that describe a process, and to predict which outcomes we should observe if that process is operating. For example, models of molecular evolution allow us to generate null predictions of evolution in the absence of selection and thus to separate patterns expected by neutral and adaptive evolution [50] . Glycans are often found in phenotypes that mediate evolutionary conflicts, so they are likely to evolve rapidly. There is a genuine need for theory that can provide null expectations for the evolution of glycan phenotypes. This will be perhaps the most difficult synthesis of glycobiology and evolution because it requires substantial innovation in both fields. In particular, theorists should attempt to develop metrics that can infer deviations from neutral glycan distribution in time and space so that glycobiologists can develop methods to measure glycan variation appropriately.
Glycans: tools to understand ecology and evolution
Sources of glycan variation
Evolutionary biology is now reconciling the modern synthesis of selection and genetics with the reality that phenotypic traits are not entirely genetically determined [57] . Development, diet, environment, and many other non-genetic processes connect information encoded in genes and the phenotypes that are realized in nature. Non-genetic processes could even create additional sources of heritable variation on which selection can act, or impose constraints on evolution that are not obvious from studying genetic variation alone [58] . For example changes in nutrient availability can directly alter available UDP-GlcNAc levels, which can change epigenetic marks on histone tails and alter the regulation of gene expression [59] . These mechanisms directly link environment and gene regulation, and could underpin phenotypically plastic traits where environmental cues create regulatory changes that cause the development of appropriate phenotypes.
Attempts at a broader evolutionary synthesis face the difficulty of uncovering processes that connect genotype and phenotype [60] . Glycans are useful in this respect, because their structures are physical records of the genetic and environmental processes that created them. Synthesis proteins encoded directly in the genome control some Fig. 1 . Community and cellular ecology. Classically, ecological studies consider interactions at the organismal level and above. The interacting parts are whole organisms and their biotic and abiotic environments. The variability in these interactions results from organismal behaviors and physiologies whose mechanistic bases are complex. Cellular ecology is concerned with the interaction of cells, whether within or between individuals. As with traditional ecology, the first task is to survey the parts of the ecosystem. Glycomic methods now permit the enumeration of parts lists for a given interaction, and often these interacting parts are glycans. Unraveling the molecular details and ecological consequences of these mechanistically simple interactions will be the domain of cellular ecology. synthesis processes, and others depend intrinsically on organismal context. Sugars integrate both kinds of information, and thus will offer a unique opportunity to study the roles of non-genetic information in evolution. Additionally, the spectrum of phenotypic variation created by mutations of glycan modifying proteins varies enormously. Some synthesis steps have specific effects temporally and spatially; others have broad organismal effects. For example, genetic manipulation of N-glycan synthesis in mammals shows that the early steps of glycan synthesis are more conserved than the late steps [61] . As systemslevel information accumulates, it may be possible to examine these outcomes and look at relations between pleiotropy, evolutionary rate, and patterns of gene family diversification.
Interpreting glycan variation
Ecology has yet to undergo a full integration with molecular biology, in part because the ecological relevance of most molecular traits is not yet easily recognizable [8] . Most current molecular ecology studies uncover history using molecular markers but do not elucidate molecular mechanism. Here too, studying glycans will offer new opportunities. Glycans are variable on ecological timescales and the interactions mediated by glycans occur at small spatial scales. Glycans are involved in traits whose ecological importance is recognizable, so glycans will allow experimental tests of ecological theory that take molecular mechanisms of interaction explicitly into account [1] . Glycan phenotypes will also aid on the ground conservation efforts because their variants are sensors of organismal condition as it responds to local ecology. Some preserve aspects of each individual's ecological history such as dietary changes or health; others are indicative of disease susceptibility [62] .
Glycan phenotypes and the synthesis of ecology and evolution
Almost every biological process involves sugars. Their ubiquity reflects an unmatched capacity for structural and functional variability. Glycans can respond to demands that change on physiological, developmental, ecological, and evolutionary timescales. As such, they are often recruited as mechanisms to enact dynamic traits. Glycans are molecules that record the outcome of entire systems of protein interaction -their non-template based synthesis integrates environmental and genetic information. The specificity of glycosylation (position, timing, and variability) is a physical representation of how tightly the synthesis process is regulated, and the effects of dysregulation. This mode of Fig. 2 . Alpha gal: a recently evolved, highly reactive, foreign antigen. A) Alpha gal, a common structure on animal glycans, is a terminal galactose alpha 1,3 linked to an underlying galactose. B) ∝1,3galactosyltransferase (∝1,3GT), the enzyme that synthesizes alpha gal, was inactivated at the common ancestor of Old World Primates [63] . Apes, humans, and Old World monkeys cannot synthesize the terminal alpha gal linkage. Most mammals, including the New World primates, do synthesize the alpha gal epitope. C) Individuals can be immunized against foreign glycans by exposure to them on pathogens, or by their presence in the diet. The loss of alpha gal may have made Old World primates resistant to infection, because anti alpha gal antibodies target this foreign epitope on enveloped viruses coming from other mammalian species [64] . Anti alpha gal antibodies can cause severe allergic reactions in humans that eat red meat after immunization by a tick bite [65] . Alpha gal antibodies also prevent organ transplantation from other mammal species -pig organs are rejected partly because they are rich in alpha gal [66] . Anti alpha gal antibodies have potential medical applications if they could be directed against pathogens or cancerous cells [67] . Neu5Gc is synthesized from Neu5Ac by the CMAH protein (cytidine monophosphate-N-acetylneuraminic acid hydroxylase), which hydroxylates a terminal methyl group. Neu5Gc is a private glycan in the sense that no pathogen has yet been found to synthesize this monosaccharide. B) Humans cannot synthesize Neu5Gc, because human CMAH was inactivated over two million years ago [68] . The inactivating mutation fixed rapidly after originating, which suggests that the loss could have been adaptive -driven by pathogen avoidance, sexual conflict, or a combination of the two [69] . Independent losses of CMAH have recently been found in New World Primates [62] and in Mustelids [70] . C) Sialic acids are bound by a family of Siglec receptor proteins expressed on most immune cells [71] . Binding generally inhibits inflammation, thus sialic acids are innate markers of self. Many pathogens bind Siglecs to exploit these immunosuppressive effects, and in response several immune-activating Siglecs have evolved. Other pathogens use Neu5Gc itself as a receptor on host cells. Several human pathogens have modified their receptor affinity to recognize Neu5Ac following the loss of Neu5Gc in humans. phenotype production will allow progress on fronts in ecology and evolution that are difficult to study with proteins or RNA, because the structures, distribution and variability of glycans can vary on organismal timescales. The variability of glycan molecules is caused both by information in DNA and by the context of their synthesis. Mature glycans represent both factors, and so they are the phenotypic records that we need to recognize the ecological relevance of molecular traits.
It has been argued that the disciplines and methods of ecology and evolution still do not fully interface [57] . Difficulties in uniting scientific fields arise either because the information required for synthesis is difficult to collect, or because the importance of existing information is difficult to recognize. Studying glycans can help bridge these divides. Glycans are tractable molecular traits whose genetic and environmental determinants can be recognized and whose ecological relevance can be understood. The non-template based synthesis of glycans creates many technical and theoretical challenges. Glycans do not vary in ways that are fully compatible with existing experimental methods, statistical methods, or theory. But new glycomic methods are emerging that will collect information on natural glycan variation at full biological resolution and scale. Quantifying and predicting the synthesis, regulation, and function of natural glycan variation will allow us to study aspects of ecology and evolution that are not accessible to studies of proteins and RNA alone. Because glycans vary on organismal timescales, they promise an opportunity to further integrate ecology and evolution themselves: two closely aligned but still separate fields of biology. Fig. 4 . ABO blood group: pathogens and polymorphism. A) The first molecular polymorphism discovered in humans was the ABO blood group [72] . Blood types were discovered because certain lectins agglutinate the red blood cells of some individuals and not others. These lectins bind glycans that are polymorphic within human populations. The glycans that define A, B, and O blood types are created by the activity of a GalNAc/Gal transferase. An enzyme that transfers N-Acetylgalactosamine results in blood type A; one that transfers Galactose results in type B. An inactive enzyme does not modify the underlying glycan and results in type O. B) The ABO polymorphism originated at the common ancestor of primates [73] . Various patterns of ABO polymorphism are found among primate species. Additionally, a fucosyl transferase (FUT2) causes variation in blood group antigen expression in different tissues. Individual humans are either secretors (ABO glycans are found on epithelia and secretions) or non-secretors (ABO glycans are found only in the blood and vasculature). Other primates have various different secretion patterns. C) Many pathogens exploit specific blood type glycans for host recognition and attachment including noroviruses and rotaviruses [74] . Anti-AB antibodies may help maintain ABO polymorphisms by targeting incoming enveloped viruses bearing mismatched epitopes [75] .
